Multi-band effect in the noncentrosymmetric superconductors Mgn-^IrigBig revealed by Hall effect 

and magnetoresistance measurements 
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We report the longitudinal resistivity and Hall effect measurements on the noncentrosymmetric superconduct- 
ing Mgi2-,5lric)Bi6 samples with different critical transition temperatures. A strong temperature dependence of 
the Hall coefficient and nonlinear magnetic field dependence of the Hall resistivity p„ in wide temperature 
region are observed, suggesting a strong multi-band effect in this system. Moreover, a large magnetoresistance 
up to 20% is found at the field of 9 T. We also observe the violation of the Kohler's rule from our magnetoresis- 
tance data, further confirming the presence of multi-band effect in our samples. A detailed analysis shows that 
the data can't be simply described within the two-band scenario at low temperatures, so we argue that there may 
be more than two bands contributing to the conduction of the samples. 

PACS numbers: 74.25.F-, 73.43.Qt, 74.70.Dd 
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I. INTRODUCTION 

The study on superconductors without inversion symme- 
try has attracted growing interest in the past years. '"^ The 
penetration depth and NMR measurements '"^^ in two non- 
centrosymmetric superconductors, Li2Pt3B and Li2Pd3B, with 
similar structure have shown that the absence of inversion 
symmetry along with stronger spin-orbit coupling may al- 
low an admixture of spin-singlet and spin-triplet pairings. 
MgioIrigBie (hereafter abbreviated as MglrB) is another typ- 
ical material without inversion symmetry.'^ The specific heat 
and NMR measurements have shown that the Cooper pairs 
in MglrB are predominantly in the spin-singlet state with 
an isotropic s-wave gap.'^ '"^ Meanwhile, the unconventional 
pairing state is also suggested by the tunneling spectroscopy 
and penetration depth measurements in this system»i^ii^ The 
electronic structure of MglrB has been calculated using the 
KoiTinga-Kohn-Rostoker method showing a rather complex 
band structure near the Fermi surface.'^ Therefore, one may 
expect a notable multi-band effect in this system. However, 
no report about this issue can be seen from the experimental 
side. So an in-depth study using the Hall effect and magne- 
toresistance (MR) measurements is required. 

We have known that, in conventional metals, the Hall co- 
efficient Rh is almost independent of temperature in a rather 
wide temperature region. However, a clear temperature de- 
pendence of Rh have been found in the underdoped cuprate 
superconductors and multi-band superconductor MgBi.'^"^' 
The nonlinear magnetic field dependence of the Hall resistiv- 
ity p„ and rather large MR are also observed in MgB2 thin 
films, ^^'^^ which are attributed to the strong multi-band effect. 
Recently, the multi-band behaviors are also revealed in the 
newly discovered iron-based superconductors by the Hall ef- 
fect measurementsi^i24 

In this paper, we report a detailed investigation on the trans- 
port properties on high-quality noncentrosymmetric MglrB 
samples with different critical transition temperatures. We 
found a strong temperature dependence of the Hall coefficient 
Rh and nonlinear magnetic field dependence of the Hall resis- 
tivity pxy in wide temperature region, which were attributed to 



the multi-band effect in the system. Moreover, a large mag- 
netoresistance (Ap/po) and the violation of the Kohler's rule 
were observed in all the samples, further confirming the argu- 
ment about multi-band effect. 



II. EXPERIMENT AND SAMPLE CHARACTERIZATION 

The MglrB polycrystalline samples used in this study were 
prepared using a standard method of solid state reaction. The 
synthesizing process is the same as our previous work'^ ex- 
cept that a relatively long time up to 10 hours was used in 
the second sintering process. The samples were cut into a bar 
shape with typical dimensions of 3.2 x 1.8 x 0.3 mm-'. A six- 
probe technique was employed to caiTy out the measurements, 
which ensures us to measure the longitudinal and Hall resis- 
tivity simultaneously at each temperature. The magnetic field 
up to 9 T was applied perpendicular to the sample surface. 

The x-ray diffraction (XRD) measurements of our samples 
were carried out by a Mac - Science MXP18A-HF diffrac- 
tometer with the Cu-Ka radiation. The ac susceptibility was 
measured based on an Oxford cryogenic system (Maglab- 
Exa-12). The longitudinal resistivity (pvx) and the Hall resis- 
tivity (pxy) were measured on the Quantum Design instrument 
physical property measurement system (PPMS) with temper- 
ature down to 1.8 K. We used a dc technique for electrical re- 
sistivity measurements and the cuiTent was reversed to coiTect 
any thermopower resulting from the electrical contact. The 
temperature stabilization was better than 0.1% and the resolu- 
tion of the voltmeter was better than 10 nV. 

Temperature dependence of the ac susceptibility of three 
samples with different Tc are shown in Fig. 1(a). The onset 
points of the superconducting transitions in the susceptibil- 
ity curves are 2.5 K, 4.7 K, and 5.7 K, respectively, for the 
three samples. The differences in Tc have been reported to 
originate from the small variety of the amounts of Mg and 
B in the formula. '"^-^^ Hereafter we denote the three samples 
as MgIrB2.5K, MgIrB4.7K, and MgIrB5.7K, respectively. In 
Fig. 1(b), we show the temperature dependence of the longi- 
tudinal resistivity pxx near the superconducting transition un- 
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FIG. 2: (color online) The x-ray diffraction patterns measured for 
the two samples MgIrB2.5K and MgIrB5.7K. The peaks from the 
secondary impurity phase are marked by the blue asterisks. It is clear 
that the main diffraction peaks are from the phase of MglrB. 



FIG. 1: (color online) (a) Temperature dependence of the ac sus- 
ceptibility of three samples with different measured with Hac=0.l 
Oe, / =333 Hz. The curves were normalized by the value obtained 
at 2 K. (b) Temperature dependence of the longitudinal resistivity 
for the same samples near the superconducting transition under zero 
field. Inset shows the resistivity data for two samples MgIrB2.5K 
and MgIrB5.7K in a wide temperature range up to 300 K. 



der zero field. One can see that the transition width deter- 
mined from resistive measurements (1% - 99%p„ ) is only 
about 0.2 K, which is consistent with the rather sharp mag- 
netic transition as revealed by the ac susceptibility data. The 
residual resistivity of about 100 yuQ cm here is much smaller 
than the value reported in the previous worbi2ii2ii^, which sug- 
gests that the samples used in this study is much cleaner with 
fewer scattering centers. The resistivity data for two samples 
MgIrB2.5K and MgIrB5.7K are shown in the inset in a rather 
wide temperature range. 

The XRD patterns for the two samples MgIrB2.5K and 
MgIrB5.7K are shown in Fig. 2. It is clear that all the main 
peaks can be indexed to the bcc crystal structure. Only tiny 
peaks from impurities were found, as represented by the blue 
asterisks. 



III. RESULTS AND DISCUSSIONS 

The inset of Fig. 3 shows the field dependence of the 
Hall resistivity p„ at different temperatures for the sam- 
ple MgIrB2.5K. In the experiment p„ was taken as p„. - 
[p{+H) - p(-H)]/2 at each point to eliminate the effect of 
the misaligned Hall electrodes. Clear nonlinear field depen- 
dence of pw can be seen in the low temperature region, which 



is actually consistent with the multi-band scenario as revealed 
in MgB2 and iron-based superconductors. ^^-^"^ As the tempera- 
ture increases, the behavior of the curves evolves into linearity 
gradually, indicating the weakening of the multi-band effect at 
high temperatures. Temperature dependence of the Hall coef- 
ficient (Rfj - p.xy/H) for three samples are shown in the main 
frame of Fig. 3. One can see rather strong temperature depen- 
dence of Rh in low temperature region. This behavior gives 
another evidence of the presence of multi-band effect in our 
samples. Here we employ a simple two-band model to inter- 
pret our data qualitatively. We have known that for a two-band 
system in the low-field limit, the Hall coefficient Rh can be 
written as 

Rh = -j V' 

where cr, (i = 1, 2) is the conductance of the charge carriers 
in different bands, and Ri - -\ IriiC represents the Hall coeffi- 
cient for the carriers in each band separately with n, the con- 
centration of the charge carriers in the different bands. From 
equation (1), we know that the contributions of Rh from dif- 
ferent bands are mainly determined by cr,, which can be in- 
fluenced by the scattering relaxation time t. The charge car- 
rier in different bands may have different r, which varies dif- 
ferently with temperature. In this case, each band can pro- 
duce complex contributions to the Rh- We note that this ef- 
fect is more remarkable in the samples with lower Tc and the 
sign-reversing effect of Rh can be even seen in the samples 
MgIrB2.5K and MgIrB4.7K. This sign-reversing behavior ac- 
tually indicates the presence of different types of charge carri- 
ers (electron and hole type) in the present system. The temper- 
ature dependence of Rh becomes weak at high temperatures, 
being consistent with the linear behavior in the p j,, ~ H curves 
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FIG. 3: (color online) Main frame: Temperature dependence of the 
Hall coefficient Rh for three samples MgIrB2.5K, MgIrB4.7K, and 
MgIrB5.7K. A strong temperature dependence can be seen below 
160 K. Inset: Magnetic field dependence of the Hall resistivity p„ at 
different temperatures for MgIrB2.5K. 

at high temperatures as shown in the inset of Fig. 3. 

To further confirm our conclusions, we study the magne- 
toresistance in the same system. Here we present the results of 
one typical sample MgIrB2.5K. In Fig. 4(a) we show the tem- 
perature dependence of the longitudinal resistivity p^x under 
different fields. Clear MR effect can be observed even in this 
raw data. Here MR is defined as Ap/po = [pxxiH) - Pq\Ipq^ 
where PxxiH) and po represent the longitudinal resistivity at a 
magnetic field H and that at zero field, respectively. Temper- 
ature dependence of Ap/po for two samples MgIrB2.5K and 
MgIrB5.7K obtained under 9 T is shown in Fig. 4(b). The 
value of MR for the two samples are determined to be 25% 
and 20%, respectively, at about 6 K. It has been pointed out 
that in a single-band system, the Lorentz force is balanced by 
the Hall field. As a result, the charge carriers can move as 
if in zero field and they will never be deflected. In that case, 
there will be no obvious magnetoresistance observed. So the 
large value of MR observed here is quite consistent with the 
multi-band scenario stated above. 

Another evidence of the multiband effect is the violation of 
the Kohler's rule. The semiclassical transport theory has pre- 
dicted that the Kohler's rule will hold if only one isotropic 
relaxation time is present in a single-band systemi^l The 
Kohler's rule can be written as 

^=/(^X (2) 
Po Po 

where f(x) is an implicit function which is independent of 
temperature. Equation (2) means that the Ap/po vs fioH/po 
curves (the so-called Kohler plot) for different temperatures 
should be scaled to a universal curve if the Kohler's rule is 
obeyed. Figure 4(c) shows the Kohler plot from the MR 
data for the sample MgIrB2.5K. An obvious violation of the 



FIG. 4: (color online) (a) Temperature dependence of the longitudi- 
nal resistivity p„ for the sample MgIrB2.5K under different magnetic 
fields, (b) Temperature dependence of the magnetoresistance Ap/po 
obtained under 9 T for the samples MgIrB2.5K and MgIrB5.7K. (c) 
The Kohler plot at different temperatures (see text) for the sample 
MgIrB2.5K. (d) Magnetic field dependence of Ap/po at several se- 
lected temperatures for the sample MgIrB2.5K. The solid lines rep- 
resent the theoretical fit to the data using a two-band model. 



Kohler's rule can be seen from this plot. We attribute this be- 
havior to the multi-band effect in this system, just as the case 
in MgB2, where the different temperature dependence of the 
relaxation times in different bands was considered to be the 
main reason of the violation of the Kohler's rule.^^ 

To get a comprehensive understanding, we have attempted 
to fit the field dependent MR data using a simple two-band 
model: 

Ap ^ {^oHf 

Po a+/3x(iuoH)^' 

with a and /3 the fitting parameters which were related to 
the conductances and mobilities for the charge carriers in 
two bands. Shown in Fig. 4(d) is the magnetic field depen- 
dence of Ap/po at several selected temperatures for the sam- 
ple MgIrB2.5K. One can see the nonlinear behavior in each 
curve. The fitting results using equation (3) are represented 
by the solid lines. Clear departure from the experimental data 
can be observed in the low temperature region. When the tem- 
perature is higher than 60 K, the theoretical curves based on 
the two-band model can roughly describe the data. Therefore, 
we can conclude that, at least in low temperatures, there may 
be more than two bands contributing to the conduction of our 
samples. In other words, the conduction of our samples is 
dominated by more than two bands at low temperatures, then 
it behaves like the two-band scenario in the intermediate tem- 
perature region, and finally it evolves to the single-band be- 
havior at temperatures above 160 K when the interband scat- 
tering becomes very strong. 



4 



IV. CONCLUSION 

In summary. Hall effect and magnetoresistance were 
measured on the noncentrosymmetric superconductors 
Mgi2-5lri9Bi(, with different T^- We found a strong tempera- 
ture dependence of the Hall coefficient Rh and nonlinear field 
dependence of the Hall resistivity p^^^ in wide temperature 
region in all the samples investigated here. Moreover, a rather 
large magnetoresistance up to 20% under 9 T and the viola- 
tion of the Kohler's rule were observed in our samples. These 
experimental features are all consistent with the conclusion 
that the samples we studied belong to the multi-band system. 
A more detailed analysis shows that there may be more than 



two bands contributing to the conduction of the samples 
in the low temperature region. It is this multi-band effect 
that weakens the expected admixture of the spin-singlet and 
spin-triplet pairings. 
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